As a result of the powerfully increased international fire research during the last decades, more and more components and systems within fire safety engineering are becoming amenable to analytical and computer modelling. The most manifest verification of this development probably holds for the fire engineering design of load bearing and separating structures.
INTRODUCTION
In a general sense, a fire engineering design of a building and its components is a nondeterministic process. Some level of risk -the probability of adverse events -is virtually unavoidable and we have to recognize the impossibility of absolute compliance with preset goals. The performance of the object at fire has to be described and measured in probabilistic terms. This is a fundamental perspective from which we have to evaluate and judge the building fire safety code systems now in force. Historically, they were written without actually stating their objective safety level and, still less, without any analytical measurement of the objectives involved. Consequently, there is an urgent need for future attempts to evaluate the levels of safety inherent in present local and national fire protection regulations.
The most manifest verification of these development trends probably relates to the fire engineering design of load bearing and separating structures. An analytical determination of the fire resistance of structural elements is successively being approved by the authorities in more and more countries as an alternative to the internationally predominant design, based on the results of the standard fire resistance test and connected classification. The further step to permit a general practical application of an analytical design, based on a natural compartment fire concept, was taken by the Swedish authorities as early as in 1967 and later also a few other countries have officially opened this possibility of structural fire design. The significant contributions by the Fire Commission of the Conseil International du Bgtiment, CIB W14, in the form of a state-of-art report, presenting in 1983 a conceptual approach towards a probability based design guide on structural fire safety [I] , supplemented in 1986 by a model codeldesign guide [2] , then constitutes an important aid in drafting corresponding national regulations and recommendations. For the European countries, the recently finalized EUROCODE drafts, to be issued as European Prestandards and supplemented with national application documents, certainly will contribute to an essentially increased practical use of analytical structural fire design methods. A draw-back then is, that the material related codes very strongly focus on the fire design, based on the thermal exposure according to the standard fire resistance test, but the general code, specifying the basis of design and mechanical and thermal actions on fire exposed structures, also gives some guidance, in the form of informative annexes regarding the alternate structural fire design, based on a parametric fire exposure determined by fire models and on the specific physical parameters describing the conditions in the fire compartment.
An analytical fire engineering design can now be performed for most cases, as concerns steel structures. Validated material models for the mechanical behaviour of concrete under transient high-temperature conditions [3-51 and thermal models for a calculation of the charring rate in wood exposed to fire [6-81, derived during the last decades, have significantly enlarged the area of practical application of an analytical structural fire design. To support this application, design diagrams and tables have been computed and published, giving directly, on the one hand, the temperature state of the fire exposed structure, and on the other, a further transfer to the corresponding load bearing capacity of the structure -cf., for instance, [9-391. In the following, first a general survey is presented on the characteristics of a reliability based structural fire engineering design. Then, the appurtenant deterministic model, describing the fire exposure and the inherent physical processes of the thermal and mechanical behaviour of the structure, is commented on with regard to the present state of knowledge and the need of further research. Finally, the different uncertainty sources in the design process and the principles of a cost-benefit optimization are mentioned and exemplified.
CHARACTERISTICS OF A RELIABILITY BASED STRUCTURAL FIRE ENGINEE-RING DESIGN
Essential components of a rational design methodology include, in the ideal case [40, 411 * analytical modelling of relevant processes; verification of validation and accuracy; determination of critical design parameters, * formulation of functional requirements, independent of choice of design process and expressed either in deterministic or probabilistic terms, * determination of design parameter values, and * verification by reliability analysis that the choice of safety factors leads to safety levels which are consistent with the expressed functional requirements.
For the probabilistic model to be integrated with the analytical model(s) of the relevant processes, the following levels can be distinguished:
* An exact evaluation of the failure probability, using multi-dimensional integration or Monte Carlo simulation, * an approximate evaluation of the failure probability, based on First Order Reliability Methods (FORM), and * a practical design format calculation, based on partial safety factors and taking into account characteristic values for action effects and response capacities.
For practical purposes, an exact evaluation of the failure probability is not feasible. Also, the FORM approximations are too cumbersome for every day design but may be applied in special cases. For normal design, the practical design formats have to be used.
The procedure for a reliability based structural fire engineering design related to a FORM approximation and a practical design format calculation is illustrated by flow diagrams in Figures 1 and 2 , respectively. For generality, the procedure is demonstrated for a load bearing structure of charring material, for instance, a timber structure [31, 421.
Structural Fire Engineering Design Based on FORM Approximation
Following the flow diagram in Figure 1 for a structural fire engineering design, based on a FORM approximation, the characteristics of the fire load and fire compartment constitute the basis for the determination of the fire exposure, expressed by the gas temperature or the heat flow to the structure as a function of time and either computed by solving the energy and mass balance equations of the compartment fire or chosen from some systematized design basis. Together with constructional data of the structure and information on the thermal, moisture mechanics and combustion properties of the structural material at elevated temperatures, the fire exposure gives the reduced cross section of the structure and the associated transient temperature and moisture conditions. With the mechanical properties of the structural material as further input data, the transient temperature and moisture state for the uncharred part of the cross section then has to be transferred to the time variation of the load bearing capacity of the structure during the fire exposure, expressed, for instance, as the bending moment MR(t) in a decisive section. The load, statistically representative for the fire situation, gives a maximum load effect with a bending moment Ms(t) in the section for the load bearing capacity MR(t).
The quantities MR(t) and Ms(t) define the safety margin Z(t) as
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The related failure probability P(t) and the safety index pt(t), defined as the quotient between the average safety margin and the standard deviation, then can be calculated by the formulae:
where fi [Z(t)] is the probability density function of the safety margin Z(t) and @-' the inverse of the standardized normal distribution.
The design criterion implies that the minimum value of the safety index for the structure during the relevant fire exposure pfm = min {pdt)} shall meet the required value of the safety index p,, i.e.
At the determination of the safety margin Z(t), the failure probability P(t), and the safety index pt(t), tbe following probabilistic effects have to be taken into account:
* The uncertainty in specifying the loading and of the model for calculating the load effect on the structure, * the uncertainty in specifying the fire load and the characteristics of the fire compartment, * the uncertainty in specifying the design data of the structure and the thermal, moisture mechanics, combustion, and mechanical properties of the structural material, and * the uncertainty of the analytical models for the calculation of the compartment fire and the related heat transfer to the structure, the size of reduced cross section and the associated temperature and moisture states, and the load bearing capacity of the structure.
The required value of the safety index Pr depends on the probability of occurence of a fully developed compartment fire p,, the reduction of this probability due to fire-fighting by the fire brigade p2 and to the effect of an installed fire extinguishment system p3, if any, and the consequences of a structural failure. 
Structural Fire Engineering Design Based on Practical Design Format
As mentioned, for normal applications of a reliability based structural fire engineering design the practical design format has to be used and the flow diagram in Figure 2 illustrates the procedure for such a design.
For a load bearing structure, the design format condition implies that the design minimum value of the load bearing capacity Rd(t) during the fire exposure shall meet the design load effect on the structure Sd, i.e. The condition must be fulfilled for all relevant types of failure. For a separating structure, the design format condition comprises requirements with respect to insulation and integrity. The insulation condition then implies that the design maximum value of the temperature on the unexposed side of the structure Tsd(t) during the fire exposure shall meet the temperature T,,, acceptable with respect to the requirement to prevent a fire spread from the fire compartment to an adjacent compartment, i.e.
For the integrity requirement, there is no analytically expressed design format condition available. Consequently, this condition has to be proved experimentally, when decisive.
In the practical design format, the probabilistic influences are considered by specifying characteristic values, expressed as a specified fractile, and related partial safety factors for the fire load, such structural design data as imperfections, the thermal material properties, the mechanical material properties and the loading. In deriving the partial safety factors, all uncertainties listed above in connection with the presentation of the design based on FORM approximations have to be included.
The functional requirements, specified for the design should be differentiated with respect to type of occupancy, type and size of building, number of floors, size and location of fire compartment, and the importance of the structure or structural element to the overall stability of the building. This may be considered by a system of safety classes associated with different failure probabilities, the probability of the occurence of a fully developed compartment fire included. In design verification, this safety differentiation is accounted for by applying different partial safety factors for different safety classes or by applying corresponding safety differentiation factors ynl .
For a certain occupancy, provisions employed for reducing the frequency of a fully developed fire for a particular project, i.e.
* available force of fire brigades, and * approved alarm and sprinkler systems should be considered. In design verification, this frequency differentiation is accounted for by applying different partial safety factors, depending on employed provisions and fire compartment size, or by applying corresponding frequency differentiation factors yd.
Summing up, the design format condition to be verified for a load bearing structure reads:
where Rd is the design value of the ultimate load bearing capacity, determined by its lowest value during the relevant fire exposure, Rdi, Rki, ~/ri are design values, characteristic values and partial safety factors, respectively, related to the ultimate load bearing capacity and accounting for the uncertainties in heat exposure and thermal and mechanical response, cf. Figure 2 , Sd is the design load effect at fire, determined by considering an accidental load combination of the form
where all actions -permanent loads (actions) Gk, variable loads (actions) Qk,i and indirect actions due to fire exposure Qk,ind -are given by their characteristic values, \yi are combination coefficients, generally different for i = 1 and i > 1, and all other load factors are set to unity [2, 461, y, = ynl yd is a safety and frequency differentiation factor, accounting for different safety classes (y,,) and active fire protection measures (yn2) according to above.
In Eq. (7), the safety and frequency differentiation factor y, has been allocated to the design load bearing capacity Rd. Alternatively, yn may be applied as to affect the design fire load thus modifying the design fire exposure, as shown in Figure 2 .
Methods for the determination of values of the partial safety factors yfi and the safety and frequency differentiation factor yn are presented in [I, 21, in which also example values of the factors are given. Factor values for practical design are also specified in the EUROCODE 
MAIN COMPONENTS OF STRUCTURAL FIRE ENGINEERING DESIGN
The flow diagrams in Figures 1 and 2 for a rational fire engineering design of load bearing structures identify three main components, viz.
* the design fire exposure, * the thermal material properties and the transient temperature state, ,and * the mechanical material properties and the structural behaviour.
In the following, these components are briefly commented on with regard to the present state of knowledge and the need of further research.
Design Fire Exposure
The fully developed compartment fire, which is the decisive part of a fire for the thermal and mechanical behaviour of load bearing and separating structures in buildings, has been subjected to comprehensive studies for a very long time and during the past 30 years several analytical models, simulating real fires, have been presented. In a review paper [51], published 10 years ago, 14 such models were classified on the basis of 14 principal modelling aspects. The models included then either represent important steps in the evolution of knowledge or offer unique concepts.
The fundamental characteristics for a complete description of the fully developed compartment fire are the time variations of the (1) rate of heat release, RHR, (2) gas temperature, (3) geometrical and thermal data for external flames, (4) smoke and its optical properties, and (5) composition of the combustion products, particularly toxic and corrosive gases.
The simulation models, developed for structural fire purposes, then concentrate on the characteristics (1) to (3). Most models are partly theoretically and partly empirically based with the empirical part focusing on data on the rate at which the fuel is consumed.
For known combustion characteristics of the fire load, the time curve of the gas temperature in the fire compartment or the flux to an exposed structure can be calculated in the individual practical application from the energy and mass balance equations of the compartment fire If reasonably correct input data are used, the computer programs quoted have the ability to simulate real fires with practically acceptable accuracy in compartments of moderate size, i.e. compartments with a size representative of dwellings, ordinary offices, schools, hospitals, hotels and libraries. For these types of applications, systematized design bases are available, derived by the computer programs and essentially facilitating a fire engineering design of load bearing and separating structures. The internationally most frequently referred design basis then is the set of gas temperature-time curves as a function of the fire load, opening factor of the compartment and the thermal properties of the structures enclosing the compartment, which originates from early contributions by . The design basis was computed under the simplifying assumptions that * the combustion of the fire load takes place entirely within the fire compartment, * the fire process is ventilation controlled, and * the gas temperature is uniform wihtin the fire compartment at any time, giving a conservative solution. The design basis has been officially approved by the Swedish authorities for practical application since 1976 [66] and is also included, as informative, in EUROCODE 1 [46] , but in a parametric form according to [63] . EUROCODE 1 also includes, as informative, a simplified method for the calculation of the thermal exposure on external structural members from flames emerging from window openings, based on [67, 681.
RHR I MW A main problem in applying the computer programs mentioned in a more accurate way in the design is the incomplete information available on the rate of heat release due to the con-bustion of the fire load. Such information is, however, continuously being improved and during the last ten years relevant data have been determined on such fire load components as upholstered furniture, solid furniture with flat extended surfaces, mattresses and beds, combustible lining materials, and paper stored in desks, filing cabinets or on shelves. A survey of such data is given in [62] .
The importance of correct input data is exemplified in Figure 3 which shows calculated gas temperature-time curves for a specified fire load and compartment [62]. Curve (1) then gives the gas temperature, computed with regard taken to that only a part of the energy content of the fire load is released inside the compartment during the fire. Curve (2) shows the corresponding curve based on the conservative assumption that all the energy content of the fire load is released inside the compartment.
For large compartments as, for instance, in industrial buildings and sports halls, the computer programs and the related simplified design basis referred to do not give a satisfactory simulation of the real fire exposure. For such applications, there are no simulation models of zone type available and the structural fire engineering design then has to be based on field models for the prediction of the fire exposure [69, 701. Thermal Material Properties and Transient Temperature State
The transient heat flow within a fire exposed structure is governed by the Fourier heat balance equilibrium equation, having the density, thermal conductivity, and specific heat capacity or specific volumetric enthalpy as material properties. The solution of the Fourier equation is complicated by the fact that the thermal material properties depend on the temperature to an extent that cannot be disregarded. Further complications arise for moist materials and for materials with phase changes during the heating.
In ordinary design, the influence of moisture is considered in a simplified way in calculating the transient temperature state of fire exposed structures by assuming that all moisture evaporates, without any moisture transfer, at the temperature 100°C or within a narrow temperature range with the heat of evaporation giving a corresponding change in the enthalpytemperature curve. The influence of phase changes is included in a similar way.
In reality, the moisture distribution changes continuously in the structure during the fire exposure. Hence, in principle, it is not correct to include the effect of moisture content in the thermal properties. In a structure of moist material, the heat transfer is combined with a mass transfer and, from a strict thermodynamical point of view, these two transport mechanisms should be analysed simultaneously by a system of inter-related partial differential equations.
In [7, 711, an accurate model and a related computer program, WOOD2, is presented for the inter-related heat and mass transfer in fire exposed timber structures. The model simulates the transient temperature and moisture states in both uncharred and charred parts of the cross sections of the structure, as well as the growth of charred layer in combination with its oxidation at the surface due to variable thermal exposure. Output data from the calculations are the cross section profiles of temperature, moisture, pressure and density, and the penetration of the charcoal layer and mass loss as a function of time. Material properties required are the thermal conductivity, specific heat capacity, reaction rate and heat of reaction, surface reaction rate, permeability, and dynamic viscosity. A corresponding model for the inter-related heat and mass transfer in fire exposed concrete structures is presented in [72] . The models are experimentally validated.
For the practical determination of the transient temperature states of fire exposed structures, numerical methods have been developed and arranged for computer calculations. The methods are based either on finite difference or finite element approximations. For the first group of methods, reference can be given to [20, 37, [73] [74] [75] [76] , and for the group using finite element methods [20, [77] [78] [79] [80] [81] [82] .
The computer programs can be used directly in a rational structural fire engineering design or as a tool for calculating diagrams and tables, facilitating a practical determination of the design temperature state for varying fire exposure and structural characteristics. For a simulated real fire exposure according to EUROCODE 1 [46] -restraint forces, total forces (strain control, E = const).
As the material properties measured depend on the test method used, it is necessary that the test results always are accompanied by an accurate specification of the test conditions applied.
A calculation of the mechanical behaviour and load bearing capacity of a fire exposed structure on the basis of the transient temperature state requires access to validated models for the mechanical behaviour of the structural materials involved within the relevant temperature range.
For steel, such models have been available for many years [83-871. In the models, the total strain is divided into thermal strain, instantaneous stress-related strain, and creep strain. Some of the models operate with temperature-compensated time according to Dorn [84].
Analytical models for the determination of the mechanical behaviour and load bearing capacity of fire exposed steel beams, columns and frames are presented in, for instance, [20, [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] , cf. also [37] in which further references are given. The most generally applicable models are those described in [87, [89] [90] [91] [92] [93] [94] [95] [96] For concrete, the mechanical behaviour at elevated temperatures is more complex than for steel. For stressed concrete under transient conditions, considerable deformations develop during the first heating which do not occur at steady state temperature conditions.
For practical design, the total strain E for fire exposed concrete, stressed in compression, can be assumed to follow the formula [3] :
©1994 International Association for Fire Safety Science
where cth is thermal strain, including shrinkage, measured on unstressed specimens under variable temperature; E , instantaneous, stress related strain, based on stress-strain relations, obtained at a rapid rate of loading under constant, stabilized temperature; E , creep strain or time dependent strain, measured under constant stress at constant, stabilized temperature; E~ transient strain accounting for the effect of temperature increase under stress, derived from tests under constant stress and variable temperature; a, o stress and stress history, respectively, and t = time.
Parameter formulations for each of the strain components are given in [3] as well as practical guidance on the application of the material behaviour model at a transient stress and temperature state. Normally, the transient strain E , is the predominant component.
A multiaxial constitutive model for concrete in the temperature range up to 800°C is formulated in [97] . The deformation behaviour is isotropic, elastic-viscoplastic-plastic in the compression region and brittle failure is assumed in the tensile region.
A comprehensive survey on the mechanical properties of concrete under high temperature exposure is given in [98] .
Access to structure independent, functionally well-defined material behaviour models of the kind exemplified is a condition for validated predictivity of simulation models and related computer programs for the mechanical behaviour and load bearing capacity of fire exposed reinforced concrete structures and composite steel-concrete structures. Models and computer programs, more or less accurately fulfilling this condition, are presented in, for instance, [20, 27, 92, 93, , dealing with beams, columns and frames. A computer program for evaluating the fire response of reinforced concrete slabs is published in [105] . Simplified methods, facilitating the practical determination of primarily the load bearing capacity, can be found in [12-16, 18, 23, 33, 35, 36, 48, 49 , 73, 74, 1061.
The methods referred to -simplified as well as the more accurate -for a determination of the mechanical behaviour and load bearing capacity of fire exposed concrete structures do not include failures with respect to shear, bond and anchorage, and spalling.
For spalling its risk of occurrance can be roughly estimated by design diagrams, based on comprehensive experimental studies [I071 or on theoretically derived failure criteria with the compressive stresses from the temperature gradient and the external loading, the tensile stress due to the vaporization and migration of moisture, and the tensile concrete strength as input data [108] . There are also early theoretical approaches for a principal description of the physical processes causing the spalling [log, 1101. The important progress during the last years in modelling the heat and mass transfer in fire exposed structures [7, 71, 721 has considerably improved the possibilities to develop a more complete and accurate theory of spalling and an improved related design basis.
For shear, and bond and anchorage, there are no validated calculation methods available for a structural fire design -cf. further [I 111, presenting the state of the art and the need of further research. In a practical design, it is therefore necessary to detail the structure in such a way that these types of failure will have a lower probability of occurance than the failures being dealt with properly in the design.
For fire exposed load bearing timber structures, the potential for an analytical modelling of the mechanical behaviour and load bearing capacity is more limited than for steel and concrete structures. Available information on the strength and deformation properties is mainly limited to results of tests with small specimens, conditioned to different combinations of temperature and moisture content [3, 1121. Furthermore, there are a few studies presented on the mechanical behaviour of wood at fire exposure conditions with a more general approach [I 131 . However, at present, there is no analytical model developed for the mechanical behaviour of wood describing the deformation process at simultaneous transient states of stress, temperature and moisture. This limits the structural fire design mainly to a determination of the ultimate load bearing capacity on the basis of simplified reduction factors [IS, 31, 34, 39, 42, SO] . A design method with respect to lateral buckling of fire exposed laminated wood beams is presented in [114] .
UNCERTAINTIES OF DESIGN COMPONENTS. COST-BENEFIT OPTIMIZATION
The rapid progress in analytical and computer modelling of phenomena and processes of importance fdi a fire engineering design stresses the need of internationally standardized procedures for evaluating the predictive capabilities of the models and for documenting the computer software. Two ASTM Standard Guides [I 15, 1161 contribute essentially to this task.
An evaluation of the model capabilities is critical in establishing both the applicability and limitations of the models for a specific use. The process recommended in the Standard Guide [I151 * includes a brief description of the model and the scenario for which evaluation is sought, * presents methodologies for conducting an analysis to quantify the sensitivity of model predictions to various uncertainty factors, * provides several alternatives for evaluating the accuracy of the predicitons of the model, and * gives guidance on the relevant documentation required to summarize the evaluation process.
A documentation of the computer software is necessary to ensure that users can judge the adequacy of the scientific and technical basis for the models, select the appropriate computer operating environment, and use the software effectively within the specified limitations. Adequate documentation also will help to prevent unintentional misuse of the computer software. The guidelines in [I161 are presented in terms of three types of documentation: (1) technical document, (2) user's manual, and (3) installation, maintenance, and programming manual.
There are not very many sensitivity or uncertainty studies published of relevance for structural fire engineering design. The most comprehensive study is probably still the one presented by Magnusson twenty years ago [24, 41, 1171 . The methodology developed for this study is quite general and applicable to a wide class of structures and structural elements. To get applicable and efficient final safety measures, the probabilistic analysis is numerically exemplified for an insulated, simply supported steel beam of I-cross section as a part of a floor or roof assembly. The chosen statistics of dead and live load and fire load are representative for office buildings.
With the basic data variables selected, the different uncertainty sources in the design procedure were identified and dissembled in such a way that available information from laboratory tests could be utilized in a manner as profitable as possible. The results obtained are exemplified in Figure 4 , giving the decomposition of the total variance in maximum steel temperature Tmax into the component variances as a function of the insulation parameter K, = Aiki/(Vsdi). Ai is the interior surface area of the insulation per unit length, di the thickness of the insulation, ki the thermal conductivity of the insulating material, corresponding to an average value for the whole process to fire exposure, and V, the volume of the steel structure per unit length. Increasing K , expresses a decreased insulation capacity.
V a r ( R ) The component variances refer to the stochastic character of the fire load density q, the uncertainty in the insulation properties K, the uncertainty reflecting the prediction error in the theory of compartment fires and heat transfer from the fire process to the structural member AT2, and a correction term reflecting the difference between a natural fire in a laboratory and under real life service condtions AT3. Analogously, Figure 5 exemplifies the decomposition of the total variance in the load bearing capacity R into component variances as a function of the insulation parameter q,. The component variances refer to the variability in the maximum steel temperature T, , , , variability in material strength M, the uncertainty reflecting the prediction error in the strength theory A@,, and the uncertainty due to the difference between laboratory tests and in situ fire exposure AQ2.
A supplementary illustration of results of sensitivity studies regarding structural fire engineering design is shown in Figure 6 [118]. The study reported deals with the sensitivity of the charcoal layer penetration for a fire exposed timber structure as a function of certain material input data in a defined simulation model and the figure gives the influence of varying the thermal conductivity of the charcoal and the rate of surface reaction.
T I M E (rnin)
T I M E ( m i n ) FIGURE 6. Depth of charring as function of time for variable thermal conductivity k2 of charcoal and variable rate of surface reaction PI.
With expanding knowledge on parameter and component uncertainties, the qualifications increase for a structural fire engineering design based on the principles of cost-benefit optimization [I] . Minimizing the total cost for a fully developed or post flashover compartment fire and its expected consequences, then determines the optimum failure probability or target probability.
The total cost CtOt can be written as C, = C, + [C, + A C -P (faillfo)] P(fo) (10) where Cp is the cost of the passive fire protection measures, Cfo the direct losses due to flashover wthout failure of the loadbearing structure, AC the additional expected cost due to failure, P(fo) the probabilty of flashover, and P(fail/fo) the failure probability on the condition of flashover.
Assume that x is some passive fire protection parameter -for instance, the thickness of an insulation of a steel structure -which affects the failure probability but not the flashover probability. Minimizing the total cost CtOt then gives the equation from which the optimum failure probability P ( f a i l / f~) ,~~ can be determined.
A condition for the described optimization approach is that people can escape safely from the building at fire which requires a design evacuation time which is less than the expected time of failure of the load bearing structure. If a failure leads to both monetary and human life losses, then assessment problems arise which are not yet solved for neither fire design nor normal design. 
